Abstract The use of synthetic dyes is commonplace in many industries, and the effluent is often dumped into the environment with no prior treatment. The aim of the present study was to analyze the use of an industrial strain of Saccharomyces cerevisiae (Meyen) for the removal of the textile dye Acid Blue 161 from an aqueous solution. Kinetic, isotherm, and thermodynamic models were created to evaluate the biosorption mechanisms. Fourier transfer infrared (FT-IR) spectroscopy was used to characterize and identify possible binding sites. A toxicity test was also performed using Artemia salina to analyze the degree of toxicity of the dye following treatment. The kinetic results demonstrated the occurrence of intraparticle diffusion in the yeast cells as the controlling mechanism of the sorption process. Biosorption followed the Langmuir model, except at pH 8.50, when it fit the Freundlich model. The thermodynamic results demonstrate that the biosorption process is spontaneous and endothermic. The FT-IR analyses confirmed the occurrence of a chemical reaction in acid pH, but physical adsorption only occurred at pH 8.50. The toxicity test showed that the use of the yeast biomass led to the complete removal of toxicity from the dye solution, demonstrating the effectiveness of the biosorption process in the treatment of effluents contaminated with these compounds.
Textile industries are the main source of bulky waste containing dyes (Gong et al. 2007 ). The textile sector has a share of two thirds of the total dyestuff market (Safariková et al. 2005) and is responsible for majority of production, usage, and disposal of effluents containing dyes. More than 50 % of all dyes used in the textile sector are the azo type (Behnajady et al. 2006) . These dyes are characterized by azo groups (-N=N-) linked to aromatic species in their chemical structure. Such chemical conformation makes them more toxic and difficult to degrade in the environment.
Techniques have been proposed to treat effluents contaminated with dyes, such as flocculation, ozonation, and photodegradation (Farah et al. 2007 ). However, the high costs of these treatments underscore the need for alternative methods. Biological treatment involving dye-degrading microorganisms has been studied and proposed as an alternative (Priya et al. 2015) . Still, degradation often requires a long time before achieving satisfactory results and can sometimes result in by-products that are even more toxic than the dye itself (Almeida and Corso 2014) . The effluent treatment itself is not enough to confirm the effectiveness of the techniques; therefore, post-treatment toxicity evaluation is recommended (Immich et al. 2009 ). Another problem relates to dye-degrading bacteria and fungi that are often opportunistic pathogens, such as Aspergillus niger (Almeida and Corso 2014) , Candida albicans (Vitor and Corso 2008) , and Pseudomonas aeruginosa (Jadhav et al. 2010) .
In this context, biosorption using a microorganism biomass is a viable alternative. The advantages of this process include the lower cost, the elimination of ecological risk stemming from the recovery of toxic compounds, the possibility of treating large volumes of effluents, and the fact that the source material is inexhaustible (Suteu et al. 2013) . Another advantage of using the microbial biomass as an adsorbent is the use of dead cells as biomass, which in addition to increasing efficiency in adsorption, also ensures that if the biomass enter in contact with the environment does not occur any damage ( S r i n i v a s a n a n d V i r a r a g h a v a n 2 0 1 0 ) . Saccharomyces cerevisiae (Meyen), popularly called Baker's yeast, is present in different technological activities and produces high yields of biomass for use on an industrial scale. Moreover, this microorganism is inexpensive, safe, easily grown, and readily available (Farah et al. 2007) . But this industrial strain of S. cerevisiae (Meyen) has not yet been tested in textile dyes as a possible adsorbent biomass.
The aim of the present study was to analyze the biosorption potential of an industrial strain of S. cerevisiae (Meyen) for the removal of the azo textile dye Acid Blue 161. Kinetic, isotherm, and thermodynamic models were used to determine the sorption mechanisms. Fourier transfer infrared (FT-IR) spectroscopy was used to characterize and identify possible binding sites. A toxicity test was also performed using Artemia salina to analyze the degree of toxicity of the dye following treatment and thereby evaluate the potential use of S. cerevisiae (Meyen) biomass in the treatment of effluents contaminated with these materials.
Materials and Methods

Dead Biomass of S. cerevisiae (Meyen)
An industrial strain of S. cerevisiae (Meyen), Baker's yeast, was obtained in freeze-dried form from the company J Macedo S/A-Brazil. One thousand milligrams of freeze-dried yeast biomass were dissolved in 100 mL of saline solution (0.85 % NaCl). The solution was autoclaved at 393.15 K at 1 atm for 20 min and then centrifuged for 30 min at 4000 rpm to separate the medium from the cells. The cells were left to dry for 10 h at 353.15 K. The biomass of dried cells were weighed again and stored in closed bottles in the dark.
Dye
Water-soluble Acid Blue 161 (AB 161) (purity 40 %; molecular mass 416.39 g mol −1 ; λ max = 603.82 nm; pH 4.50) was obtained from the Aldrich Chemical Company Inc. (Chemical Abstract Service (CAS) number 12392-64-8). The dye stock solution was prepared by diluting 1 g of powdered dye in 1 L of distilled water.
Biosorption Kinetic Studies
Kinetic studies were performed using 20 mL of the dye solution with a concentration of 100 μg mL −1 in 100-mL Erlenmeyer flasks at pH 4.50. Fifty milligrams (dry weight) of yeast biomass were placed in contact with the dye solution for 3 h at 293.15 K with constant agitation at 40 rpm. Aliquots of the solution were removed every 30 min for analysis in a UV-vis spectrophotometer (Shimadzu, Model 2401-PC), with scanning from 200 to 800 nm in a quartz cuvette measuring 10 mm in width. Before each UV-vis spectrophotometric analysis, the sample was centrifuged for 20 min at 4000 rpm. The amount of sorbed dye was calculated using Eq. 1:
in which W is weight (mg), V is volume (mL), qe is the quantity of dye sorbed by the yeast biomass (μg mg ). For a better interpretation of the data, the pseudo-first order Lagergren (1898) (Eq. 2) and pseudo-second order Ho and McKay (1998) ). The linear regression graph of pseudo-first order plot (ln(qe − qt) vs. t) and pseudo-second order plot (t/qt vs. t), was made to determine the kl, ks, and qe values.
Kinetic processes are often controlled by diffusion. External mass transfer can occur during solid-liquid adsorption processes, in which the adsorbate is diffused internally in the adsorbent. This process is known as intraparticle diffusion (Aravindhan et al. 2007 ). The equation proposed by Weber and Morris (1963) (Eq. 4) was used to determine the occurrence of this diffusion process.
in which C is a constant related to the thickness of the diffusion layers (μg mg −1 ) and Kdi is the constant intraparticle diffusion rate (mg μg −1 (min
). Intraparticle diffusion can occur simultaneously with surface adsorption and may not be the driving factor of the reaction (Saber-Samandari and Heydaripour 2015). The equation developed by Boyd et al. (1947) (Eq. 5) was used to determine whether intraparticle diffusion was the controlling biosorption process.
in which F is the fraction of solute adsorbed at any time and Bt is a mathematical function of F. If the Boyd plot (Bt vs. t) is linear and the line passes through the origin, then intraparticle diffusion is the dominant process of biosorption (Aravindhan et al. 2007) . By using Boyd's second model (Eq. 6), we could calculate the coefficients of intraparticle diffusion of the dead yeast biomass.
Bb is calculated from the graph of Bt as a function of t; Di is the effective diffusion coefficient (
) of AB 161 dye in the biomass, and r is the average yeast cell radius (0.00025 cm).
Isotherm Studies
The same volume and concentration of dye solution were used in the isotherm studies as those employed in the kinetic studies. To analyze the different biosorption mechanisms, the pH of the dye solution was varied (2.50, 4.50, 6.50, and 8.50), with a constant temperature of 293.15 K and agitation at 40 rpm. The dry weight mass of the yeast was 20 to 60 mg.
The Langmuir and Freundlich models were used to analyze the data. The Langmuir model (1918) (Eq. 7) states that a chemical adsorbate species will interact with the surface of the adsorbent with a finite number of binding sites forming a monolayer (Podkoscielny and Nieszporek 2011) .
in which l is the affinity of the adsorbent and adsorbate (mL mg
) and qm is the maximum quantity of adsorbate adsorbed (μg mg (defined as Rl) and discover whether biosorption is favorable or unfavorable.
If Rl = 0 the adsorption to be irreversible, Rl = 1 linear, Rl > 1 unfavorable, and 0 < Rl < 1 favorable (McKay et al. 1982 ).
The Freundlich model (1906) (Eq. 9) proposes that binding sites are occupied exponentially, forming multiple layers (Saber-Samandari and Heydaripour 2015) . It is therefore supposed that the surface of the adsorbent is heterogeneous, with several binding sites that are occupied in decreasing order according to their intensity of interaction with the adsorbate.
nf is the adsorption constant, and Kf is the constant of solid adsorption capacity (mL mg
). By plotting the linear regression graph of lnqe vs. lnCe, it is possible to determine the nf and Kf values.
Thermodynamic analyses were conducted by varying the temperature from 283.15 to 323.15 K. The dye solution was tested at pH 4.50, using 50 mg (dry weight) of yeast. The equation proposed by van't Hoff (Eq. 10) was used to analyze the results obtained in the thermodynamic studies.
in which Rg is the universal gas constant (8.314 J mol
), T is temperature (K), Kts is the equilibrium constant during temperature variation (mol g −1 ), Δs is entropy, and ΔH is enthalpy.
The lnKts vs.
(1/T) graph allows the determination of the enthalpy and entropy values. Equation 11 was employed to calculate the Gibbs free energy (ΔG).
All isotherm and kinetic experiments were performed in triplicate. We confirmed the mathematical model adequate fit to data by standard deviation (SD) values from Eq. 12. Smaller values of SD imply more accurate estimations, as described by Gholizadeh et al. (2013) .
in which Qie and Qic (μg mg −1 ) are experimental and calculated mass of dye adsorbed by yeast biomass, and N is the number of measurements made.
FT-IR Spectrophotometry Analysis
The yeast and the dye were analyzed before and after biosorption using a FT-IR spectrophotometer (Shimadzu Model 8300). Salt pellets were prepared using 1 mg of sample and 149 mg of KBr. The samples were dried at 378.15 K for 24 h and then compressed at 40 kN for 5 min to form pellets. Thirty-two scans were performed at a range of 400 to 4000 cm
, with 4 cm
of resolution for each sample. The chemical structures and graphs for this study were made using the Origin 6.10 and ACD/ChemSketch software programs.
Toxicity Test with Microcrustacean A. salina
The test described by Varó et al. (1998) was used to determine the lethal concentration (LC 50 ) of AB 161 dye for A. salina. Toxicity was analyzed based on the mortality of A. salina larvae after 48 h of exposure to the dye solution, with the determination of LC 50 and LC 100 values. A. salina larvae were kept at temperatures of 293.15 and 303.15 K in synthetic seawater with 3.2 % salinity and pH 6.50. The larvae used in the toxicity test were selected through positive phototropism, as described by Almeida and Corso (2014) . Selected larvae were exposed to different concentrations of AB 161 dye in a static system for 48 h. A sample with no dye and one with a known concentration of sodium dodecyl sulfate (SDS) were used as the controls. The test was considered valid when the survival percentage from the control (synthetic seawater) was greater than or equal to 90 %, and the LC 50 for SDS was within the range of sensitivity provided (Parra et al. 2001) .
To test the toxicity of the solution after the biosorption process, 100 mL of a dye solution were used with the same concentration as the LC 50 at pH 6.50 at a temperature of 303.15 K. A total of 100, 500 and 1000 mg of dry S. cerevisiae (Meyen) biomass were used. During the biosorption process, the solution was under constant agitation at 40 rpm. After 3 h, the yeast biomass was separated from the solution, and A. salina was placed into contact with this solution for 48 h without stirring. The numbers of living and floating organisms were then counted. The test was performed with three replications, and the results were determined using the same proposed model for LC 100 and LC 50 (Varó et al. 1998 ).
Results and Discussion
Biosorption Kinetic Studies
The kinetic studies showed that qe (exp) of the dead yeast cells reached equilibrium at 150 min ( Fig. 1) , which is therefore the maximum time for the biosorption reaction of the adsorbent. Table 1 displays the results of kinetics models, which indicate that yeast biomass best fits the pseudo-second order model, with a correlation relatively close to 1. The qe (cal) values of the pseudo-second order were also closer to the qe (exp) , confirming the goodness-of-fit of the model. This result is consistent with the heterogeneous nature of the cell wall of S. cerevisiae, as the pseudo-second order model has optimal settings for adsorbents with heterogeneous sites (Li et al. 2008 ).
The finding is also indicative of the occurrence of chemisorption (Guerra and Airoldi 2009) .
The qt vs. t 0.5 graph (Fig. 2) shows two linear regions representing the diffusion boundary layer, followed by intraparticle diffusion in macro pore (Ho and McKay 1998) . This result demonstrates the occurrence of intraparticle diffusion and indicates that the yeast biomass only reaches adsorption equilibrium when diffusion occurs in the macro pore layer.
The macro pore layer (Kdi = 0.009 μg mg , the material exhibits no resistance to intraparticle diffusion (Guerra and Airoldi 2009 ). This confirms that first boundary layer did not have resistance to intraparticle diffusion, indicating that it controlled the sorption process.
The Boyd plot (Bt vs. t) (Fig. 3 ) was a straight line that went through the origin, confirming that diffusion is the dominant process in biosorption using dead S. cerevisiae (Meyen) cells. The results also indicate chemisorption. It can therefore be said that AB 161 dye has high affinity for S. cerevisiae (Meyen) biomass. Suteu et al. (2013) conducted studies on intraparticle diffusion with dead S. cerevisiae biomass and concluded that diffusion is not the driving force of the biosorption process. This likely occurred due to the low affinity between the dye tested and the cell wall of the yeast.
Through graphic pendant of Boyd plot (Bt vs. t), it was possible determine Bb value (0.0094). The Di value was 5.952 × 10 −11 cm 2 s −1
, which means that only an outer binding site is interacting with the adsorbent (Singh et al. 2003 ).
Isotherm Studies
Isotherm studies allow the identification of interaction mechanisms in the biosorption process and characterize the process as either physical or chemical. The sorption and desorption equilibrium of a solid/solution interface also allows optimizing a biosorption process to increase its efficiency (Araujo et al. 2006) .
The results of the isotherms indicate that biosorption best fit the Langmuir model, indicating the interaction of adsorbate with only a specific site on the adsorbent, forming a monolayer. When the dye solution was at pH 8.50, however, biosorption fit the Freundlich model ( Table 2) .
Observing the l values, adsorbate/adsorbent affinity decreased with the increase in pH. The same was true for the qm values, as an increase in pH led to a decrease in the maximum adsorption capacity of the yeast biomass.
The Rl values indicate that all pH values tested were favorable to adsorption, but the Rl of the solution was highest at pH 8.50, indicating a greater rate of desorption. It can therefore be said that more alkaline pH is unfavorable to biosorption.
Although the results of the isotherms do not fit the Freundlich model, with the exception of pH 8.50, one can see that the values for the solid capacity sorption (Kf) decreased with the increase in pH, thereby confirming the low sorption capacity at alkaline pH values. The adsorption constant values (nf) were all less than 1, indicating a lack of the occurrence of sideformation interactions or multiple layers (Annadurai (Table 3) demonstrates randomness during biosorption. This indicates heterogeneous sites and likely corresponds to the heterogeneity of the yeast cell wall. The cell wall of S. cerevisiae is composed of chitin, mannoproteins, and glucans (Lipke and Ovalle 1998) . Biosorption occurs at low intensities at heterogeneous sites and is predominantly stronger at a specific site (Suteu et al. 2013) .
The enthalpy value was higher than 40 kJ mol −1 , confirming that biosorption occurs through a chemical interaction between the adsorbate and adsorbent. This result is in agreement with the data obtained from the pseudo-second order model. Thus, one can say that chemisorption of the dye occurs due in the presence of the S. cerevisiae (Meyen) biomass. The positive enthalpy values also indicate that biosorption is an endothermic process.
The Gibbs free energy values decreased as the temperature increased, indicating that biosorption of the dye by the S. cerevisiae (Meyen) biomass is a spontaneous reaction (Fat'hi et al. 2014 ). This result also confirms that the biosorption process is influenced by temperature, with the most efficient removal of the dye at a temperature of 323.15 K.
According to Suteu et al. (2013) , S. cerevisiae biomass begins to deteriorate at 318.15 K, undergoing changes in sorption properties and is not recommended to use this or higher temperatures for the biosorption of dyes. However, this phenomenon was not observed in the present investigation. This divergence is likely due to the difference in the industrial strains of S. cerevisiae used in each study.
FT-IR Spectrophotometric Analysis
The S. cerevisiae (Meyen) biomass spectrum (Fig. 4) showed two intense peaks in the 1649 and 1540 cm −1 regions, which represent the binding of the amide group R-NH-C-O-CH 3 . The band at 1350 cm −1 is the stretching of the -C-NH bond, probably by an amine group belonging to a chitin of the yeast cell wall. The peak in the 1234 cm −1 region shows the vibration of the -C=O bond, which is another linking group in the chitin indicating the presence of the -C-N-C group found in proteins on the yeast cell wall.
The dye showed intensive bands in the 1369 and 1141 cm −1 regions, which correspond to -C=C-and -C-H binding in aromatic rings. Another band with a high peak was in the 1566 cm −1 region, indicating the presence of an -N=N-azo bond, which is typical of textile dyes. The peak at 667 cm −1 is the stretching of the =C-C link in aromatic rings. All intensive regions of the dye spectrum correspond to their molecular structure (Fig. 5) . The FT-IR readings after biosorption at more acidic and more alkaline pH values demonstrated certain differences in the spectra (Fig. 6) . FT-IR is a useful tool for identifying possible adsorptions links and confirming whether adsorption occurs through a chemical or physical process (Monash and Pugazhenti 2009) .
A noticeably further intensification of certain bands in the spectrum of both biomasses was found after biosorption. The peak at 1651 cm −1 maintained the same pattern in all spectra, with greater intensification of the biomass in acidic pH, indicating the presence of the C=O bond. With the peak at 1548 cm
, one can see some change in the region as well as further intensification. This region represents the deformation of the -N-H bond, indicating possible interaction with the dye. The band at 1428 cm −1 shows a distinct difference between the biomass in acidic pH and the other two conditions analyzed. Comparing the biomass in alkaline pH with biomass prior to biosorption, further intensification of the peak is seen, but the larger change in the spectrum band occurred in acidic pH. This region represents a stretch of the -C-N connection and is one of the probable chemical bonding points with the dye. The peaks at 1074 and 1044 cm −1 constituted another point at which change occurred only in acidic pH, indicating a change in the amino group -C-NH 2 -. This region refers mainly to chitin present in yeast cell wall, which must be protonated due to the acidic pH, strengthening the ionic bond with the sulfonic group of the dye. Another change to the spectrum of the biomass in acidic pH is seen in the 987 cm −1 band. This band is associated with sugars in the yeast cell wall, which Considering the similarity of the biomass spectra before and after biosorption in alkaline pH, physical adsorption is likely (Ngah et al. 2006) , with the possible adsorption of hydrogen bonds or adsorption due to van der Waals forces, thereby confirming the data obtained with the Freundlich isotherm. The FT-IR spectra also demonstrate the chemical interaction between the dye and S. cerevisiae (Meyen) biomass in acidic pH, confirming the results of the kinetic studies and isotherms. Based on the findings, a diagram was made of chitin as the major binding site with the dye (Fig. 7) .
Other connections may occur more weakly at different sites in the cell wall of S. cerevisiae (Meyen), but the FT-IR spectra demonstrate that the principal binding was chitin, which is likely the main group involved in the sorption of dye molecules.
Toxicity Test with A. salina
The microcrustacean A. salina exhibited considerable sensitivity to the change in dye concentration in the solution. LC 100 was 2850 μg mL −1 , and LC 50 was 2200 μg mL −1 . Despite the high concentration of the dye, small amounts of biomass were sufficient to remove the toxicity of the solution either partially or completely (Table 4) .
No toxicity decrease was observed with 100 mg of biomass. However, 500 mg of biomass was able to remove 472.16 μg mL −1 of the dye, reducing the Although the pH and temperature of the solution were not ideal for the biosorption process, the results were satisfactory. The biosorption using a microbial biomass of S. cerevisiae (Meyen) was an effective and viable alternative for the treatment of effluents contaminated with dyes, leading to the removal of both coloration and toxicity from the solution.
Conclusion
The dead biomass of S. cerevisiae (Meyen) demonstrated considerable sorption capacity of AB 161 dye, reaching the sorption equilibrium quickly and retaining large amounts of dye. The kinetic studies demonstrated the occurrence of intraparticle diffusion of the dye molecules in the yeast biomass, which is the controller of the biosorption process. It can therefore be concluded that AB 161 dye has a high affinity for the yeast cell wall.
The isotherm studies demonstrated that biosorption best fit the Langmuir model at all pH values, except pH 8.50, indicating the occurrence of monolayers and a strong chemical interaction with the dye at a specific site. The isotherms also showed that more alkaline pH led to a lower sorption capacity of the S. cerevisiae (Meyen) biomass. Thus, pH is a critical factor for biosorption by exerting an influence on the affinity between the yeast cell wall and dye.
The thermodynamic studies indicate that several different sites of the yeast cell wall contributed to the sorption process, with predominantly stronger sorption at a specific site. The results also indicate that biosorption is an endothermic, spontaneous process that occurs naturally. Moreover, temperature exerted a direct influence on biosorption, with a more efficient process achieved at higher temperatures.
The FT-IR spectrophotometric results showed that physical adsorption occurred at pH 8.50, whereas chemisorption occurred at pH 2.50, thereby confirming the results of the kinetic, thermodynamic, and isotherm studies. The FT-IR results also indicate that chitin is the major site of interaction between the yeast cell wall and dye.
The microcrustacean A. salina proved to be a good indicator of the toxicity of the dye, exhibiting a considerable degree of sensitivity. The toxicity tests demonstrated that dye removal through biosorption by the yeast biomass lowered the toxicity of the solution, as evidenced by the decreased mortality rate of A. salina. With the removal of more than half of the LC 50 concentration, the mortality of A. salina was nearly completely ceased, thereby demonstrating the efficiency of dye and toxicity removal by dead S. cerevisiae (Meyen) biomass. 
